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Imaging of microwave permittivity, tunability, and damage recovery
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We describe the use of a near-field scanning microwave microscope to quantitatively image the
dielectric permittivity and tunability of thin-film dielectric samples on a length scale ol We
demonstrate this technique with permittivity images and local hysteresis loops of a 370-nm-thick
Bay ¢Sl 4TiO3 thin film at 7.2 GHz. We also observe the role of annealing in the recovery of
dielectric tunability in a damaged region of the thin film. We can measure changes in relative
permittivity e, as small as 2 a¢, =500, and changes in dielectric tunability, /dV as small as
0.03V'l © 1999 American Institute of Physid$S0003-695(99)00446-5

Many techniques exist for quantitatively measuring thewhich receives the reflected microwave signal from the reso-
dielectric permittivity of thin-film samples. For example, nator, keeps the microwave source locked onto the chosen
thin-film capacitors allow measurement of the in-pfahend  resonance, and outputs the frequency shift Y andQ of the
normaf* components of the permittivity tensor. Dielectric resonator. We have shown that the spatial resolution of the
resonatorsand Corbino measuremefitsave also been used. microscope in this mode of operation is aboupf.!? In
However, thin-film capacitors require the sample to be al-addition, a local dc electric field can be applied to the sample
tered, possibly affecting the dielectric permittivity; most by means of a bias tee in the resonator.
other methods either require bulk samples or have poor spa- To observe the microscope’s response to sample dielec-
tial resolution. Recently, near-field techniques, based on cd¥ic permittivity €, , we monitored the frequency shift signal
axial cavity ~° microwave probes which use the reflected mi-while scanning samples with knowre, . With well-
crowave signal from a sample, have been used to determirgharacterized 50@m-thick bulk dielectrics, we observed
the dielectric constard, and tunability(i.e., howe, depends
on voltage of thin films. However, no quantitative tunability -
measurements at high spatial resolution have been demon- |Miowave Feedback > AN

Source ot
strated. In this letter, we present a nondestructive, noninva- f e > Q
sive near-field scanning microwave microsctip& which Diode

can quantitatively image the local permittivity and tunability detector O Bk Sam'ples-
of dielectric thin films with a spatial resolution of Am. = é‘

Our near-field scanning microwave microscopes consist ‘ W v ol sangler =1t
of an open-ended coaxial probe with a sharp, protruding cen- » Pr

. . . Capacitive <

ter conductor(Fig. 1). The probe is connected to a coaxial couplet 2l
transmission line resonator, which is coupled to a microwave 1 1‘0 1(')0
source through a capacitive coupler. The probe tip, which I Permittivity (€,.)
has a radius-1 um (see the inset to Fig.)lis held fixed, = | 1 | Coaxial r
while the sample is supported by a spring-loaded cantilever g | |ransmission
applying a controlled normal force of about N between é ! line
the probe tip and the sample. Due to the concentration of the I
microwave fields at the tip, the boundary condition of the : Probe
resonator, and hence, the resonant frequdigcgnd quality
factorQ, are perturbed depending on the dielectric properties Sample —»
of the region of the sample immediately beneath the probe _
tip. We monitor this perturbation with a feedback ciréditt Y = LA Ok

FIG. 1. Schematic of the near-field microwave microscope, with a sharp-

¥Electronic mail: steinhau@squid.umd.edu. Color versions of the figures inipped, open-ended coaxial prolfeee inset The graph shows the data
this paper can be found at http://www.csr.umd.edu/research/hifreq(rectanglesand model resultdline) of frequency shift A f ) vs permittivity
micr_microscopy.html. for 500-um-thick bulk samples at 7.2 GHz.
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FIG. 2. Images and hysteresis loops at 7.2 GHz of the BST/LSCO/LAO thin-film sdsggehe inset to Fig.)1All images show the same 2®0 um? area

of the sample(a) Permittivity image.(b) Hysteresis loop taken at the location marke¢t™ in (a). (c) Dielectric tunability image(d) Dielectric tunability
hysteresis loops. The solid line corresponds to the’in (c), while the dashed line corresponds to the™in (c). (e) Dielectric tunability image taken after
the sample was annealed at 650 °C in air for 20 min; note the change(&ortfi) Atomic force microscope topographic image. The milled vertical line
marked by the arrow iiff) appears rough i) and(c) because of drift in the microscope during scanning.

that the microscope frequency shift monotonically increase&q. (1) and our data at 7.2 GHzee the graph in Fig.)lwe
in the negative direction with increasing sample permittivity found agreement to within 10% for several different probe
(see the graph inset, Fig). 1> We observed similar behavior tips, with 1.0<@<1.7.
with thin-film samples. To extend this model to thin films, we extend the finite-
For comparison, we did a finite-element calculation ofelement calculation to include a thin film on top of the di-
the rf electric field near the probe tip. Because the probe tiglectric substrate. Once theparameter of a probe is deter-
radius is much less than the wavelength-4 cm at 7 GHL ~ mined using the bulk calibration described above, we use the
a static calculation of the electric field is sufficient. Cylindri- thin-film model combined with Eq(1), integrating over the
cal symmetry further simplifies the problem to two dimen-yolume of the thin film, to obtain a functional relationship
sions. We represent the probe tip as a cone with a blunt engetweenA f and the permittivity of the thin film. Using this
held at a potential ofy=1 V. Using relaxation methods we mqodel, we found that for high-permittivity (=50) thin
solved Poisson’s equation for the potenti@if.$=0, on @ fims, the microwave microscope is primarily sensitive to the
rectangular grid representing the region around the probe tiﬁn-plane component of the permittivity tensor.
The two variables we useq to represent the properties of the Figure 2a) shows a quantitative permittivity, image of
probe were the aspect ratio of the probe up<(dz/dr) and 5 sample(see the inset to Fig.)lconsisting of a 370 nm

the radiusr o of the blunt end. Bay ¢Slo 4TiO3 (BST) thin film on a 70 nm LggsSry 0<CO
Since the sample represents a small perturl_)ation to thﬁ_agéo())'élcou;t(erelzctrode. The substrate isaisagialﬁo%
resonatqr, we can use perturbation thébrio find the The films were made by pulsed-laser deposition at 700 °C, in
change in the resonant frequency.: 200 mTorr of Q. The film is paraelectric at room tempera-
ture (T,~250K). We measured the film thickness using
Af eo(€r—€1) scanning ion microscope images of cross sections milled by
T T aw fv Ei-ExdV, (1)  focused ion beanfFIB). To identify the scanned area on the
s sample, a 0.ksm-wide line was FIB milled through the BST
layer. This fiducial mark allowed further analysis of the area
whereE; andE,, ande,; ande,, are the unperturbed and of interest with an atomic force microscog@&FM) [Fig.
perturbed electric fields, and relative permittivities of two 2(f)]. In the microwave permittivity imagéFig. 2@)], the
samples, respectivelyV is the energy stored in the resona- milled line (marked by an arropis visible as a low-
tor; andV, is the volume of the sample. Using four bulk permittivity vertical band. Two low-permittivity defects are
samples with known relative permittivities between 2.1 andalso visible. The average value of the permittivity of the film
305, and fixingro= (0.6 um)/a, we useda as a fitting pa- far from any defects i, =510, in reasonable agreement

rameter to obtain agreement between the model results fromith typical measurements &f in similar films23
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To measure the local dielectric tunability of thin films, croscope images, indicating that the spatial resolution of the
we apply a dc electric field to the sample by voltage biasingmicroscope in this case is aboutuIn. The dark horizontal
(Vpiad the probe tip(see Fig. 1 A grounded metallic coun- bands next to the large defects are artifacts of the AFM im-
terelectrode layer immediately beneath the dielectric thiraging technique. We also note that the AFM image, which
film acts as a ground plane. To prevent the counterelectrodeas acquired after the microwave images, does not show any
from dominating the microwave measurement, thus minimizevidence of scratching by the microscope probe tip.
ing its effect on the microwave fieldsve ignored the coun- The microwave technique we use is sensitive to both
terelectrode in our static field modgthe sheet resistance of film thickness and permittivity. As a result, the permittivity
the counterelectrode should be as high as possible. In owf the large defects in Fig.(d) is underestimated due to the
case, we use LSCO with a thickness of 70 nm, giving a sheathange in film thickness at these locations. However, by ex-
resistance~4000)/1. We have confirmed by experiment amining the AFM imagéFig. 2(f)], topographic features can
and model calculatiofi that the contribution of the counter- be readily distinguished from permittivity features. Far from
electrode to the frequency shift is small {<30kHz) rela- large topographic features in Figf2 the AFM data indicate
tive to the contribution from a dielectric thin film with thick- a rms surface roughness of about 2 fiwhen the data are
ness>100 nm Af>200kHz). averaged over the microwave microscope spatial resolution

We first examined the tunability of the dielectric proper- of 1 um), which would result in an error ake,~1.5 in ¢
ties at a fixed point on the samglimarked by a “+-" in Fig. data. This is much less than the observed variathon
2(a); the resulting hysteresis loop is shown in Figb)2. As  ~30 indicating that this observed variation ép is real.
expected, the permittivity goes down when a voltage is ap- We can calculate the sensitivity of the microwave micro-
plied. The inverted “V” curve is centered at a bias of scope by observing the noise in the dielectric permittivity
—0.6V rather tha 0 V probably because the asymmetric and tunability data. For a 370-nm-thick film on a 5063-
electrodega thin film on the bottom, and a sharp tip onop thick LAO substrate, with an averaging time of 40 ms, we
induce unequal charges on the two surfdc&be tunability  find that the relative dielectric permittivity sensitivity is
of ~2% is small compared to measurements on similar filmsle,=2 at €,=500, and the tunability sensitivity is
(20%—30% using standard techniqué$.The cause of this A(de, /dV)=0.03V %
low tunability is unclear, but may be due to the microscope In conclusion, we have demonstrated the use of a near-
measuring an off-diagonal component of the nonlinear perfield scanning microwave microscope to quantitatively im-
mittivity (e, measured in the horizontal direction, while the age the local permittivity and tunability of dielectric thin
applied field is in the vertical direction films with a spatial resolution of Lm.

To image the tunability of the sample, we modulate the )
bias voltage applied to the probe tip at a frequemngy, This work has been supported by NSF-MRSEC Grant
=1 kHz and amplltudetlv (see the inset to Flg),’Land No. DMR-9632521, NSF Grant Nos. ECS-9632811 and
#DMR-9624021, and by the Maryland Center for Supercon-

monitor the component of the microscope frequency shi M
ductivity Research.

signal atw;,s With a lock-in amplifier. Thiswy,;,s cOmponent
is proportional tode, /dV, whereV is the applied voltage.
An image ofde, /dV at V=—3.5V is shown in Fig. &). )
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